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vealed	 the	presence	of	 two	genetically	 distinct	 lineages	 that	 differed	 significantly	
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1  | INTRODUC TION
The	 species	 richness	 of	 southern	European	 freshwaters,	 including	
the	 peri‐Mediterranean	 area,	 is	 higher	 than	 in	 central	 and	 north‐
ern	 Europe,	 resulting	 in	 these	 freshwaters	 having	 high	 conser‐








during	 the	 glacial	 cycles	 of	 the	 Pleistocene	 (Bianco,	 1995b,	 1998;	

















southern	 Adriatic,	 southern	 Tyrrhenian,	 and	 Ionian	 seas	 (Bianco,	
1990,	 1995a;	 Figure	 1),	 has	 received	 little	 research	 attention.	 For	






Testing	 the	evolutionary	effects	of	 the	 isolation	of	 the	southern	
Italian	hydrographic	basins,	and	the	potential	patterns	and	processes	
relating	to	vicariance	events	and	local	dispersal,	can	be	completed	using	





boundaries,	coupled	with	 low	saline	tolerances	that	 result	 in	coastal	
areas	being	effective	barriers	to	their	mixing.	Among	cyprinid	fishes,	
barbels	(species	of	the	genus	Barbus)	have	been	used	widely	to	study	






F I G U R E  1  Map	of	sampling	sites	in	South	Italy,	detailing	SI1	and	SI2	Barbus	lineages	boundary	within	the	AC	district.	Biogeographic	
boundaries	between	the	three	Italian	ichthyo‐geographic	districts	(PV	=	Padano‐Venetian;	TL	=	Tuscano‐Latium;	AC	=	Apulo‐Campano;	
sensu	Bianco,	1990)	are	also	reported	in	the	insert.	The	colors	of	pie	charts	represent	the	frequency	of	phylogenetic	lineages:	black	for	
B. plebejus,	B. tyberinus,	and	B. barbus,	while	SI1	and	SI2	Barbus	lineages	in	purple	and	blue,	respectively.	Detailed	frequencies	are	reported	in	
Table	1.	The	asterisk	indicates	the	Vomano	basin
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In	the	Italian	peninsula,	three	barbel	species	are	considered	en‐
demic	 (Kottelat	 &	 Freyhof,	 2007):	 common	 barbel	Barbus plebejus 
Bonaparte,	 1839;	 Tiber	 barbel	 Barbus tyberinus	 Bonaparte,	 1839;	

















To	 fill	 this	 considerable	 knowledge	 gap	 on	 the	 endemism	 of	
barbels	 in	 the	AC	district,	 the	 aim	here	was	 to	 test	 how	 local	 hy‐
drographic	 history	 has	 influenced	 the	 evolution	 and	 persistence	
of	 the	 fluvio‐lacustrine	 barbels	 in	 the	 southern	 Italian	 peninsula.	
Mitochondrial	sequence	data	and	morphological	analyses	were	ap‐
plied	to	examine	the	extent	of	diversification	of	the	barbels	in	the	AC	
district	 compared	with	barbel	 populations	 in	northern	 and	 central	
Italy.	The	 results	were	 then	used	 to	 construct	 further	hypotheses	
based	on	biogeographic	 scenarios	 that	might	have	 influenced	pat‐
terns	of	endemism	in	the	southern	Adriatic	and	Tyrrhenian	Sea	hy‐
drographical	networks.
2  | MATERIAL S AND METHODS
2.1 | Sampling




Garigliano	 (T1)	and	Volturno	 (T2),	both	close	 to	TL	district	bound‐
ary,	and	Sele	 (T3)	basin,	 located	 in	the	southern	part.	The	Adriatic	
sites	were	in	the	Aterno‐Pescara	(A1)	basin	that	represents	the	first	
Adriatic	drainage	 in	AC	district,	and	 the	Sangro	 (A2),	Biferno	 (A3),	
Fortore	(A4)	up	to	Ofanto	(A5)	basins	(see	Table	1;	Figure	1).




















































































































































































































































































































































































































































Total	 genomic	DNA	was	extracted	 from	all	 individuals	using	a	pro‐
teinase	K	digestion,	followed	by	sodium	chloride	extraction	and	eth‐














directly	 sequenced	by	MACROGEN	 Inc	 (http://www.macro	gen.org)	
using	a	3730XL	DNA	Sequencer.	All	new	haplotypes	generated	in	this	
study	were	deposited	 in	 the	GenBank	database	 (Accession	number	
MK728797–MK728821;	MG718025–MG718026).
2.3 | Phylogenetic analyses
Multiple	 alignments	of	 all	 sequences	were	automatically	 carried	out	
through	 ClustalW	 within	 Bioedit	 software	 (Hall,	 1999),	 with	 poly‐
morphic	 sites	 then	checked	manually.	 Identical	 sequences	were	col‐
lapsed	into	haplotypes	in	order	to	facilitate	computational	processes,	
as	 implemented	 in	 DnaSP	 v	 5.0	 (Librado	 &	 Rozas,	 2009)	 software.	







was	 identified	 using	 Akaike's	 information	 criterion,	 as	 implemented	








the	maximum	 likelihood	phylogeny	using	PAUP	 software	 (Swofford,	
2002).	Bayesian	analyses	were	performed	using	four	independent	runs	
of	Markov	Montecarlo	 coupled	 chains	of	 4	×	106	 generations,	 each	






as	 an	outgroup.	The	Cyt	b	 and	D‐loop	 sequences	of	Barbus	 species	
available	in	GenBank	were	included	in	the	cyt	b	and	D‐loop	phyloge‐
netic	inferences:	B. barbus,	B. plebejus,	and	B. tyberinus	(Buonerba	et	al.,	
2015;	Meraner	et	al.,	2013;	Zaccara,	Antognazza,	Buonerba,	Britton,	
&	Crosa,	2014;	Zaccara	et	al.,	2019).	To	strengthen	the	cyt	b	phylo‐
genetic	 tree,	 available	 sequences	 of	 rheophilic	 species	 (e.g.,	B. cani‐









simony	criterion	as	 implemented	 in	PopART	v	1.7	 software	 (Leigh	
&	Bryant,	2015).	The	levels	of	genetic	variation	within	any	new	en‐
demic	 lineages	were	 then	 calculated	 by	 estimating	 nucleotide	 dif‐
ferences	 and	 haplotype	 diversity	 using	DnaSP	 v	 5.0	 software.	 To	
visualize	 their	 historical	 demographic	 trends,	 mismatch	 analyses	
were	 performed,	 as	 implemented	 in	 Arlequin	 v	 3.5	 (Excoffier	 &	
Lischer,	 2010)	 software,	 testing	 the	 sudden	 demographic	 expan‐
sion	model	through	sum‐of‐squared	deviation	values	(SSD)	in	a	coa‐
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unchanged	when	caudal	fin	LMs	were	excluded.	To	strengthen	the	
morphological	 differences	 between	 evolutionary	 barbel	 lineages,	
these	data	were	combined	with	 those	 from	closely	 related	 taxa	 in	
central	 Italy	 (i.e.,	B. tyberinus,	B. plebejus,	and	B. barbus;	Zaccara	et	
al.,	2019).	Nonshape	variation,	introduced	through	variation	in	posi‐
tion,	orientation,	and	size,	was	mathematically	removed	using	gen‐
eralized	procrustes	analysis,	 as	 implemented	 in	MorphoJ	 software	
(Klingenberg,	2011).	Shape	variations	were	then	analyzed	by	canoni‐
cal	 variate	 analyses	 (CVA).	Mahalanobis	distances	were	 calculated	
using	 permutation	 tests	 (10,000	 replicates).	 Morphometric	 traits	







3.1 | Multiple alignments and phylogeny
Across	 the	 197	 barbels,	 26	 haplotypes	 were	 identified	 in	 the	
871	 bp	 length	 of	 the	 multiple	 D‐loop	 alignment,	 of	 which	 19	
were	 new	 and	 deposited	 in	 GenBank	 (under	 Accession	 numbers:	
MK728797–MK728815)	as	detailed	in	Table	2.	There	were	26	vari‐
able	nucleotide	positions	detected,	of	which	eight	were	singletons	
and	 18	were	 parsimony	 informative	 sites.	 Partial	 cyt	b	 sequences	
of	714	bp	length	were	obtained	from	each	new	D‐loop	haplotype;	
in	 the	multiple	alignment,	22	variable	sites	 (21	singletons	and	one	
















The	uncorrected	p‐distance	values	 calculated	on	 the	 cyt	b	 se‐
quences	 between	 the	 SI1	 and	 SI2	 Barbus	 lineages	 and	 European	
(B. barbus)	barbel	were	3.9%	and	3.6%,	respectively.	It	is	noteworthy	
that	SI	Barbus	lineages	were	more	similar	to	B. plebejus	(1.5%–1.8%)	
than	 to	B. tyberinus	 (2.1%–2.4%)	 and	 that	 the	 inter‐lineage	 uncor‐
rected	p‐distance	between	SI1	and	SI2	Barbus	lineages	(1.7%)	was	in	
a	middle	position	(Table	3).
3.2 | Networks, genetic diversity, and 









BSI202)	 separated	by	 four	mutational	 steps	 (Figure	4).	Genetic	di‐
versity	of	the	SI1	and	SI2	Barbus	 lineages	had	values	of	nucleotide	
diversity	(π)	of	0.001	and	0.003,	and	haplotype	diversity	(H)	of	0.61	
and	0.78,	 respectively.	 The	mismatch	 distribution	 analyses	 do	 not	
support	a	sudden	expansion	model	for	both	lineages	(SSD	=	0.007,	
p	=	 .58	 in	SI1	and	SSD	=	0.0283,	p	=	 .22	 in	SI2),	 as	 they	 revealed	
multiwave	trends	(Figure	S3).
3.3 | Haplotype distribution and 
population structure
In	 the	 AC	 district,	 the	 SI1	 and	 SI2	Barbus	 lineages	 showed	 an	 al‐
lopatric	distribution.	The	SI1	Barbus	lineage	was	recorded	in	middle	
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Adriatic	basins	(from	A1	up	to	A3),	whereas	the	SI2	Barbus	 lineage	
was	 present	 both	 in	 the	 three	 middle	 Tyrrhenian	 basins	 (T1,	 T2,	
and	T3)	and	 in	the	two	most	southern	Adriatic	basins	 (A4	and	A5;	
see	Figure	1	and	Table	1).	Genetic	differentiation	between	the	SI1	
Barbus	 lineage	 of	 the	 three	 middle	 Adriatic	 populations	 revealed	
high	genetic	structure,	with	significant	фST	values	over	0.39	(p < .01; 




BSI201	haplotype	 (SI2	Barbus	 lineage;	Figure	4)	 and	did	not	 show	
significant	differentiation	(p	>	.05;	Table	S1).
3.4 | Morphological pattern among lineages and 
among populations





the	 depth	 of	 the	 posterior	 body,	 and	 the	 shape	 of	 the	 caudal	 fin;	
those	along	 the	CV2	 (22%)	were	mainly	 associated	with	 the	over‐
all	 fish	body	shape.	The	SI1	and	SI2	Barbus	 lineages	were	partially	























logical	differences	among	 the	barbel	populations	 in	 southern	 Italy	
(most	p	>	.05),	the	geometric	morphometric	analyses	of	the	CVA	plot	
indicated	some	visual	separation	 (i.e.,	CV1	=	45%	and	CV2	=	27%;	
F I G U R E  3  Phylogenetic	tree	built	upon	cyt	b	sequences	(714	bp	length).	Statistic	support	is	given	and	expressed	both	as	posterior	
probability	and	bootstrap	values.	The	tree	was	rooted	on	Luciobarbus graellsii	(GenBank	accession	number	JN049525)
Lineages B. barbus B. plebejus B. tyberinus SI1 Barbus SI2 Barbus
B. barbus 0.23 ± 0.11     
B. plebejus 3.87	±	0.14 0.29 ± 0.1    
B. tyberinus 4.16	±	0.23 2.13 ± 0. 20 0.39	±	0.17   
SI1	Barbus 3.86	±	0.43 1.82	±	0.43 2.41	±	0.41 0.87	±	0.53  
SI2	Barbus 3.55 ± 0.19 1.52	±	0.18 2.10 ± 0.20 1.69	±	0.36 0.21 ± 0.15




(B. barbus,	B. plebejus,	B. tyberinus,	SI1,	and	
SI2	Barbus;	see	Figure	1)






attributed	 to	 the	 SI1	Barbus	 lineage	 (A1,	 A2,	 and	 A3)	 from	 those	




T1	and	A2	populations	 (Table	S3),	 inhabiting	two	basins	 located	at	
similar	 latitude	 but	 on	 the	 opposite	 sides	 of	 the	 Italian	 peninsula	
(Figure	1).
4  | DISCUSSION









The	 phylogenetic	 analyses	 revealed	 the	 existence	 of	 two	 new	
















basins	 (TL	 district),	 fluvial	 connection	 within	 the	 rivers	 systems	
occurred	due	 to	 the	 considerable	extension	of	 the	hydrographic	
network	 along	 mountain	 and	 high	 hill	 environments,	 with	 this	






districts	 along	 the	 Tyrrhenian	 and	 Adriatic	 slopes,	 constituted	
by	 the	 Rivers	 Liri	 and	 Vomano	 (see	 Figure	 1),	 respectively.	 This	
biogeographic	 scenario	 has	 been	 demonstrated	 for	more	 vicari‐
ous	 species,	 such	 as	 Volturno	 spined	 loach	 (Cobitis zanandreai 
Cavicchioli,	1965)	and	Italian	bleak	(Alburnus albidus	Costa,	1838;	
Kottelat	&	Freyhof,	2007).	The	causes	of	this	biogeographic	split	
F I G U R E  4  Parsimony	network	obtained	from	D‐loop	sequences	(871	bp	length)	belonging	to	South	Italy	Barbus	lineages	(SI1	and	SI2;	
see	Table	2).	Circle	size	is	proportional	to	haplotype	frequencies.	Colors	indicate	Adriatic	(A1	=	Aterno‐Pescara;	A2	=	Sangro;	A3	=	Biferno;	
A4	=	Fortore;	A5	=	Ofanto)	and	Tyrrhenian	(T1	=	Liri‐Garigliano;	T2	=	Volturno;	T3	=	Sele)	populations
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may	be	related	to	local	differences	in	 low	sea	level	drainage	pat‐
terns,	 although	 differences	 in	 habitats	 and	 in	 biotic	 interactions	
might	also	have	been	involved.
The	results	of	the	population	genetic	structure	have	also	demon‐
strated	 a	 nonhomogeneous	 history	 in	 the	AC	basins,	 showing	 the	
presence	of	unexpected	biogeographic	boundary	 that	 crossed	 the	




in	basins	A1	 to	A3	 (Pescara	River	up	 to	Biferno	River	of	 the	mid‐
dle	Adriatic).	These	basins	were	not	part	of	the	paleo‐Po	expansion	
(Bianco,	1990),	and	so	they	remained	isolated	from	the	widespread	
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on	the	geomorphological	evolution	of	the	southern	Apennine	chain	
has	shown	an	asymmetric	profile	of	 the	watershed	 line,	with	a	 re‐
treat	 of	 the	 Tyrrhenian	 side	 and	 progression	 of	 the	 Adriatic	 side	
(Brancaccio	&	Cinque,	 1992;	Brancaccio	 et	 al.,	 1991).	 The	 tempo‐
rary	 change	 in	 the	 draining	 path	 occurred	 between	 Sele	 (T3)	 and	






Regarding	 the	 congruence	 of	 the	 genetic	 and	 morphological	
data,	these	Italian	fluvio‐lacustrine	barbels,	representing	a	complex	
of	 cryptic	 species,	were	 only	 partially	 identifiable	 by	morphology,	
with	their	morphological	and	molecular	divergence	not	always	well	
correlated	 across	 the	 species	 (Bianco,	 1995b;	 Kottelat	 &	 Freyhof,	
2007;	Livi	et	al.,	2013;	Lorenzoni	et	al.,	2006;	Zaccara	et	al.,	2019).	
Despite	this	lack	of	congruence	between	the	genetic	and	morpho‐





(2016).	Moreover,	 looking	 at	 the	 dimension	 of	 the	 eye	 and	 at	 the	








regime,	 are	 characterized	 by	 low	 discharge,	 and	 thus,	 the	 fish	
were	unable	to	mix	due	to	insurmountable	geographical	barriers.	
Consequently,	the	AC	district	can	be	considered	as	unique	in	re‐
lation	 to	 the	biogeography	of	 their	 endemic	 barbel	 populations,	
with	their	geographic	and	hydrological	 isolation	from	basins	fur‐
ther	north	being	important	in	this.	These	results	emphasize	that,	




a	 limited	presence	of	B. barbus,	B. tyberinus,	 and	B. plebejus	 fish	
in	the	AC	district,	subsequent	anthropic	manipulation	and	trans‐
locations	 could	 still	 cause	 genetic	 admixture	 (i.e.,	 hybridization)	
between	Barbus	 species	 in	 future.	 If	 this	 happens,	 it	 is	 likely	 to	
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remain	undetected	along	this	complex	of	cryptic	species	and	will	
potentially	 lead	 to	 the	 loss	 of	 local	 endemism.	 Consequently,	
these	results	highlight	the	necessity	for	any	fish	and	fishery	man‐
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